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Abstract—In order to analyze the working status of the underwater unmanned vehicle not fully
surfaced, the optimal working frequency when the whip antenna radiates the maximum power is given.
The input impedance of the antenna on the water is theoretically calculated. It is regarded as the load of
the underwater part of the antenna, and the total input impedance of the whip antenna is obtained. The
relationship between the antenna radiated power to the external field and the input power is analyzed,
and the optimal operating frequency corresponding to the maximum radiated power is determined.
Using simulation experiments and actual measurements, the radiated power of the 1 m whip antenna
when being immersed in seawater at 0.25m, 0.5m, 0.75m is obtained, and the corresponding optimal
working frequency is calculated, which are in good agreement with the theoretical deduction results. The
results show that as the depth of the antenna immersed in seawater increases, the power radiated from
the antenna to the external field decreases, and the optimal working frequency increases accordingly.

1. INTRODUCTION

Underwater Unmanned Vehicle (UUV) often completes various detection tasks underwater [1]. When
the ocean exploration is completed, the data need to be transmitted to the receiving point [2]. In order
to ensure a good communication effect, the underwater unmanned vehicle needs to empty the ballast
tanks, float the hull, and transmit data through the whip antenna mounted on the top [3]. Considering
the concealment and timeliness of the communication process, in many cases, the whip antenna is not
exposed to the water surface as a whole, but a part of the upper end of the antenna is surfaced, and
a higher frequency (such as VHF) electromagnetic wave is selected for work [4]. The working state
of the underwater unmanned vehicle is shown in Figure 1. Due to frequent changes in the maritime
environment, sometimes the transmitter and receiver cannot establish mutual communication. In order
to improve the receiving field strength of the signal, it is necessary to make the whip antenna carried
by the underwater unmanned vehicle radiate the maximum power when it floats to a certain height, so
as to improve the signal-to-noise ratio of the received signal and reduce the received bit error rate [5].

It can be seen that the total length of the whip antenna is [; the length of the exposed part is I3;
and the antenna length is I3 under seawater. In order to calculate the input impedance of the whip
antenna when it rises above the surface of the water and determine the radiation power radiated to
the external field, the impedance of the antenna on the sea surface needs to be considered. Combining
the phase wavelengths of the voltage and current waves propagating on the transmission line in the
seawater medium, find the equivalent circuits corresponding to the two parts [6-9]. In this way, the
input impedance of the feeding point is obtained; the maximum radiated power is calculated; the
corresponding optimal working frequency is found; and the accuracy of the calculation results is further
proved through simulation software and physical experiments [10].
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Figure 1. Diagram of the communication state of the underwater unmanned vehicle surfaced.

2. ANTENNA IMPEDANCE AND RADIATED POWER

2.1. Impedance of the Antenna on the Water

When the impedance of the antenna is calculated, the current distribution on the antenna is not an ideal
sinusoidal distribution [11]. During the propagation of the current wave, the antenna part continuously
radiates energy outwards, resulting in radiation loss [12]. In order to accurately calculate its impedance,
the transmission line theory can be used to treat the antenna as a lossy transmission line with an average
characteristic impedance [13]. In the working process of the whip antenna, it will form a symmetrical
array with its mirror image of twice the antenna length [14]. The established antenna model of the
water part is shown in Figure 2.
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Figure 2. Antenna model of the surface part and mirror part.

For traditional uniform dual transmission lines, the characteristic impedance is [14]

Zy = 120\/Zln (f) (1)

Among them, p, is the relative permeability of the medium (take 1 for air medium), &, the relative
permittivity (take 1 for air medium), D the distance between uniform double transmission lines, and a
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the radius of the wire. At this time, the characteristic impedance corresponding to an antenna element
dz of the whip antenna in the air should be 60 In (%Z) (1/2 of the characteristic impedance of a uniform
double transmission line) [15], and the characteristic impedance value corresponding to each position
is different. Integrating over the entire antenna length [;, the average characteristic impedance of the
antenna on the sea surface can be obtained as [16-18]

1 [h 2 21
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The radiated power of the antenna at work can be regarded as the integral of the loss power of the
loss resistance R; per unit length [19]. The power loss fél |I(2)|2Ro1dz should be equal to the radiated
power %|Im|2Rr1, which can be calculated
2R7‘1
3
(1 sin(25111) 3)
' 2614

I(z) represents the current value at any point of the antenna, I, the current peak value, R,; =

R, =

12.35 (47”11)2'4 the radiation resistance [20], 51 the phase shift constant of the lossy transmission line,

2
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The antenna on the sea surface can be equivalent to the terminal open-circuit condition of a uniform
double transmission line [20], and its equivalent circuit is shown in Figure 3.
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Figure 3. Open-ended circuit diagram of the equivalent uniform double transmission line of the antenna
on the sea.

It can be obtained that the input impedance from any point of the antenna on the water is [21]

Zo1
th[(ar + 7B81) (L1 — 2)] (4)
Ry

where ay = 5 7o, represents the antenna attenuation constant caused by the distributed resistance per

unit length. The input impedance of the water part can be calculated as [22]
Zo1

th{(ar + jB1)l]

Zi (Z) =

Zin(0) = (5)

2.2. Impedance of Underwater Antenna

Under the premise of obtaining the antenna impedance on the water, it is necessary to calculate the
antenna impedance of the underwater part to obtain the overall antenna impedance when the antenna is
partially immersed in sea water. For underwater antennas, due to the good conductivity of seawater (the
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dielectric constant of seawater is 80 and the magnetic permeability is 1), the characteristic impedance
of the antenna will also change [23]. Similarly, the part below the seawater is equivalent to the double
transmission lines in the seawater medium [24]. With reference to Equations (1)—(4), its characteristic

impedance Zyo can be expressed as
21
Zoo = 6.7 <ln (2) - 1) (6)
a

The loss resistance per unit length is

2R7“2
I 1— Sin(zﬁglg) (7)
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The phase shift constant is
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B2_A/\/g: 2 1+\/H< 21 Zo2 > )

The attenuation constant is

Ry
p— 9
=57 9)
The radiation resistance is
Arr 2.4
Ry =12.35 l 10
: (=) (10)

At this time, the entire whip antenna can be regarded as a double transmission line connected to a load
impedance Z;,(0) in the sea water medium [25], so that the antenna is in a traveling standing wave
working state. The equivalent circuit is shown in Figure 4.
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Figure 4. The terminal load circuit diagram of the equivalent uniform dual transmission line of the
underwater antenna.

Viewed from the whip antenna feed to the end of the antenna, the total input impedance is

oy _ Zin(0) + Zoath[(av2 + jB2)lo]
Zin(—l2) = Zo> + Zin(0)thl(as 1 i o)D) (11)

2.3. Antenna Radiated Power

Considering that the input power of the whip antenna is determined, it is difficult for the radiated
energy of the underwater antenna to be transmitted above the sea [26]. If the antenna on the sea
is required to radiate the maximum power, the corresponding optimal working frequency should be
considered from two aspects [27]: 1. The working frequency corresponding to the maximum power that
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can reach the underwater antenna [28]; 2. After the antenna on the water receives the power transmitted
by the underwater antenna, the working frequency corresponding to the maximum radiated power [29].
But often these two working frequencies are not equal, which means that the whole process of energy
transfer from the bottom to the top of the whip antenna and radiated by the water antenna needs to
be considered comprehensively, that is, the optimization problem of the optimal working frequency of
the antenna [30]. At this time, if the voltage of the antenna feeding point is known, the power radiated
by the antenna on the water can be quantified by the calculated antenna impedance.

Regarding the problem of receiving power at the surface, letting the input voltage of the underwater

whip antenna feed point be U(—Il2), the underwater feed point current can be Z[{TE(_—%;)’ and the voltage
and current values at point O are
U(0) = U(=l) + I(=12)Z02 —(asjpyn , U=l) = I(=12) 202 (asiyia 12
2 2
I(O) _ U(—ZQ) + I(—ZQ)ZOQ 6_(a+j’3)l2 . U(—lg) - I(—lz)Zog 6(06+j,3)l2 (13)
2202 2ZO2
The complex power of the point can be obtained from the voltage and current values of point O. The
total input power is Py, (—l) = |%U(—l2)[*(—l2)|, and the power that can reach the antenna on the
water surface is )
Pin(0) = SU(0)I7(0) (14)

The value of P;,(0) does not represent the power that the antenna can radiate. The real part is the
radiated power of the antenna, and the imaginary part represents a part of the power lost when the
antenna on the water transmits energy. The radiated power of the antenna is Pragiation = Re[FPin(0)],
and the corresponding optimal working frequency is

P()\best) = maX[Pradiation(A)] (15)
3. SIMULATION

With the help of FEKO electromagnetic simulation software, the whip antenna model of the underwater
unmanned vehicle is established. In order to prevent the exposed antenna from contacting sea water to
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Figure 5. Simulation model of whip antenna.
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affect the impedance characteristics, a 0.05 mm polyethylene insulating layer is filled on the outside of
the whole antenna. The simulation model is shown in Figure 5.

With reference to the resonant frequency of a 1m ideal whip antenna as 75 MHz, since the
wavelength will become smaller in the seawater medium, the frequency will become larger accordingly.
So the frequency of the simulation experiment is initially set in the 75-150 MHz frequency band, so
as to observe the radiation power radiated to the external field and compare it with the calculated
value to summarize the law. Without considering the front-end transmission line matching of the whip
antenna, set the power input to the antenna to 10 W. It should be noted that it is meaningless to
observe the reflection coefficient of the antenna, because it represents the matching degree of the entire
whip antenna. The minimum reflection coefficient indicates that the antenna is in resonance, but the
absorption capacity of the underwater antenna’s radiated power is ignored. The simulation result is
shown in Figure 6.

It can be seen from the figure that the radiated power decreases with the depth of the antenna
immersed in the sea water, because the sea water absorbs the radiated energy of the underwater antenna.
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Figure 6. Comparison of simulation and theoretical calculation results. (a) Immersion depth 0.25 m;
(b) Immersion depth 0.50m; (c¢) Immersion depth 0.75 m.
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As the immersion depth increases, the optimal working frequency increases correspondingly, because the
sea water changes the impedance characteristics of the antenna, causing the antenna to resonate at a
higher frequency. However, the optimal working frequency of the simulation is larger than the calculated
value, which may be because the attenuation constant of the antenna uses a rough estimate, and the
influence of the metal material on the current attenuation is weakened in the calculation. Therefore,
the simulated value of the power radiated to the external field is slightly smaller than the calculated
value.

4. PHYSICAL MEASUREMENT EXPERIMENT

In order to more accurately verify the correctness of the theoretical derivation and summarize the
working rules of the underwater unmanned vehicle equipped with whip antenna when it rises to the
surface, a physical model of the antenna is made, and a communication system is established. The
transmitting device is shown in Figure 7.

Figure 7. Self-made transmitting antenna device diagram.

In order to monitor the influence of the antenna immersion depth in seawater on the radiation
efficiency, the antenna was immersed in 0.25m, 0.5m, and 0.75m, respectively. Since the radiation
power of the antenna is difficult to obtain a specific value through measurement, a loop antenna device
is used to receive the signal at a distance of 500 m from the launch point. In order to avoid the influence
of seawater contacting the antenna, a polyethylene coating is applied to the whip antenna. According
to the basic characteristics of the whip antenna, theoretically at 75-150 MHz, the pattern of the 1m
whip antenna hardly changes, so the radiated power increases, and the received signal will increase
accordingly. This shows that the received field strength value can be used indirectly to prove the
consistency of the radiated power change. The power input to the antenna is 10 W. Considering that
a certain amount of power will be reflected back from the actual transmitting antenna, it is necessary
to use a network analyzer to calculate its reflection coefficient to ensure that the power input to the
bottom of the antenna is 10 W. The measured receiving field strength at 500 m is shown in Table 1.

It can be seen that as the depth of the antenna immersed in the sea water continues to increase, the
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Table 1. Receiving field strength at 500 m at different immersion depths.

Frequency Immersion depth: Immersion depth: Immersion depth:
(MHz) 0.25m (mV/m) 0.50m (mV/m) 0.75m (mV/m)

75 19.83 4.43 0.642

8 24.47 5.24 0.647

85 36.63 5.31 0.652

9 36.04 5.36 0.668

95 35.17 6.34 0.670
100 33.13 6.51 0.672
105 26.87 7.89 0.674
110 22.19 7.25 0.678
115 18.77 6.46 0.682
120 16.37 6.31 0.684
125 14.37 5.79 0.706
130 12.35 5.67 0.718
135 11.30 4.12 0.693
140 10.14 3.34 0.631
145 9.27 2.24 0.587
150 8.43 5.08 0.526

received field strength continues to decrease, which indicates that the power radiated by the antenna
to the external field is correspondingly reduced. At the same time, the optimal operating frequency
increases, which maintains good consistency with the results of calculation and simulation, but there
are still deviations. The reason may be that the seawater environment is not large enough, which causes
the impedance of the antenna under water to deviate from the ideal value. But the optimal working
frequency still maintains the same and good trend of change with the ideal value. Since the radiated
power of the antenna obtained from the experiment is easily affected by the environment and receiving
equipment, the receiving field strength can reflect the consistency of the optimal working frequency of
the physical antenna with the calculation and simulation results, but the specific radiated power cannot
be quantified, which is also a work that needs to be improved in the later stage.

5. CONCLUSION

Through theoretical calculation, simulation verification, and experimental measurement of the working
state of a whip antenna mounted on an underwater unmanned vehicle, the optimal working frequency of
the antenna at different depths immersed in seawater is obtained. The results show that as the depth of
the antenna immersed in seawater increases, the power that the antenna can radiate to the external field
decreases, and the optimal working frequency increases accordingly. It shows that the seawater medium
not only absorbs the radiated power of the underwater antenna, but also changes the impedance value
of the antenna. Therefore, it is necessary to consider the power component of the antenna input power
reaching the antenna on the water surface and the maximum power it can radiate, so as to determine
the corresponding optimal working frequency, which provides an application basis and theoretical basis
for the operation of the offshore surface antenna.
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